Introduction
Bacteriophages are viruses that were discovered in the early twentieth century and are characterized by specifically killing bacteria (1, 2) . Bacteriophages are diverse with a worldwide population estimated as high as 10 31 particles with 10 7 particles/g in soil, 10 [8] [9] particles/mL in fresh water, and 10 7 particles/mL in sea water (3) .
Bacteriophages can exhibit both a lytic life cycle in which the host is lysed, and a lysogenic life cycle in which the virus exists as part of a host genome. Virulent phages display lytic cycles, while temperate phages can enter both lytic and lysogenic cycles in which the phage exists as a prophage. Bacteriophages have been classified as a single order, 13 families, and 31 genera. Tailed viruses having doublestranded genomic DNA may be the largest group of bacteriophages (3) . Tailed phages have been primarily classified into 3 distinct families. Members of Myoviridae possess a complex contractile tail and account for 25% of tailed phages, such as T4 and Mu. Siphoviridae, which are characterized by a long, non-contractile and flexible tail, account for 60% of tailed phages, such as λ and SPP1 (4) . Podoviridae bear a short, non-contractile tail and account for 15% of tailed phages with T7 being one of the better known members of this family (5) . Methods for controlling microorganisms include chemical (ethanol, chlorine, ozone, and organic acid), physical (heating, UV irradiation, drying, filtering, and use of ultrasonic waves), and biological (lactic acid bacteria, bacteriocins, and bacteriophages) (6) (7) (8) . Recently, bacteriophages have been applied in diverse fields, including phage therapy, as antibacterial agents, for phage display, for development of phage-delivered vaccines, and as delivery vehicles for gene therapy and detection and typing of bacteria (9) . Other suggested applications include biofilm degradation and biocontrol of pathogens (10) (11) (12) . In particular, bacteriophages are attracting interest as an alternative method for control of antibiotic-resistant bacteria, which have been increasing in number due to antibiotic overuse (1, 13) . Bacterial antibiotic resistance has re-activated phage-related research because of unique phage characteristics, including host specificity and only a few side effects (14) . Phages also have potential as agents for control of pathogens that contaminate foods. Bacteriophagebased food application has been used for control of pathogens in livestock, for biosanitation in decontamination of carcasses and other raw products, and for natural preservation of perishable manufactured foods (15) (16) (17) . The US Food and Drug Administration has approved 6 bacteriophage preparations against Listeria monocytogenes for ready-to-eat meat and poultry products, and anti-Escherichia coli and anti-Salmonella bacteriophage-based products have been commercially developed (Omnilytics, Sandy City, UT, USA) for live animals prior to slaughter.
Bacteriophage safety, especially effects on the host immune system, against endotoxins released during cell lysis, and potential gene transfer, is a matter of continuing investigation (18) . Humans and animals infected with viruses would be affected first at the level of immune system-induced cytokine response (19, 20) . Bacteriophages are viruses that are composed of many proteins. Therefore, phages have been reported to induce humoral immunity in animals (21, 22) . Introduction of high doses of bacteriophages in vivo resulted in a minimal immune response with increasing levels of cytokines in the sera of mice fed with a murine norovirus (23) . As a side effect of treatment with bacteriophages, rapid and massive destruction of bacteria in vivo may cause release of endotoxins and superantigens that stimulate an inflammatory response (18) . However, in practice, oral administration of bacteriophages in humans does not induce important changes in antibody production. Additionally, in a mouse model, many therapeutic effects have not been tested (24) (25) (26) . In particular, bacteriophage T7 administration for inflammatory responses in a mouse model was reported with no important effects at the administration site. However, there have been relatively few reports on responses to bacteriophages in rats.
Therefore, the aim of this study was to confirm the safety of bacteriophages as sanitizing agents in rats. Rats were fed with E. coli bacteriophages and evaluated for the presence of pro-inflammatory responses.
Materials and Methods
Bacteriophage preparation Bacteriophages were isolated from cattle feces and sewage, and propagated using E. coli O157:H7 NCTC 12079 and a non-shiga toxin-producing E. coli wild-type strain as hosts (27) . The 5 bacteriophage isolates ECP12, ECP16, and ECP22 for E. coli O157:H7, and BECP2 and BECP6 for E. coli, were used for preparation of a cocktail (27) that was inoculated at a multiplicity of infection (MOI)=1 for each host in Luria-Bertani broth (LBC) (Difco, Detroit, MI, USA) containing 10 mM CaCl 2 and incubated with shaking at 37 o C for 30 min. The culture medium was centrifuged and the supernatant was filtered through a 0.22 µm syringe filter (EMD Millipore, Billerica, MA, USA). Each filtrate was subjected to plaque assay counts and mixed at a concentration of 8 log PFU/mL, and kept at 2-10 o C prior to use.
Phage administration to experimental animals Six week-old Wistar rats were purchased (Hallym Experiment Animal Institute, Hwaseong, Korea) for experiments (10 males and 10 females), and preliminary breeding was conducted for a week. Rats were then divided into control and experimental groups (10 rats each) without regard to gender or body weight. Experimental rats were orally administered 1 mL of a bacteriophage cocktail of approximately 8 log PFU/mL once per day for 4 weeks. Control rats were orally administered 1 mL of LBC broth in the same manner. Body weights were measured once per week until the end of the experimental period, and food rations and food consumption for breeding rats were measured once per week for analysis of body weight gain and feeding efficiency. Rats were allowed free access to commercial pelleted food and drinking water. After 4 weeks, rates were sacrificed and blood was collected prior to autopsy, and the liver, kidneys, spleen, lungs, brain, heart, testis, and ovaries were removed. Excised organs were measured for net weight after washing with distilled water and removal of excess blood and body fluids using Whatman paper. Organ weight was calculated as relative organ weight (%)=organ weight/body weight× 100.
Determination of cytokine mRNA levels mRNA for expression of the proinflammatory cytokines COX-2, IL-6, and TNF-α in the liver, kidney, and spleen was analyzed using quantitative reverse transcription (qRT) PCR. Total RNA was extracted from the excised liver, kidney, and spleen using a Qiagen RNeasy mini kit (Qiagen, Hilden, Germany) with Trizol (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized from extracted RNA using a Reverse Transcription Kit (Qiagen). Synthesized cDNA was analyzed using qRT-PCR with specific primers and SYBR Green qPCR mix (Qiagen). The primer sequences were: forward TGGT-GCCGGGTCTGATGATG, reverse GCAA TGGGTTCTGATACTG for the COX-2 gene; forward TGATGGATGCTTCC AAACTG, reverse GAGCATTGGAAGTTGGGGTA for the IL-6 gene; and Analysis was performed in triplicate and expressed as means± standard deviation (SD). Results were expressed relative to control group rats, which were assigned a value of 100%, due to tissue and gene-specific differences in experimental values.
Inflammatory cytokine profiling Blood samples were collected from rats and the serum was separated after centrifugation (Model 3200; Becton-Dickinson, Franklin Lakes, NJ, USA) in a serum separator tube at 1,000×g for 15 min. Separated serum was assayed for 12 different pro-inflammatory cytokines using a Multi-Analyte ELISArray Kit for rats (Qiagen) according to manufacturer instructions.
Histopathological analysis After weighing the liver, kidney, and spleen were stored immediately in a 10% neutral formalin solution for histopathological analysis using 2 randomly selected rats from each group. Organs were fixed in 10% formalin (v/v) and sectioned at 5 µm. Tissues were fixed for 2 weeks, embedded in paraffin, and examined under an optical microscope at 100× after hematoxylin and eosin staining under a light microscope (KAMSI, Guri, Korea).
Statistical analysis Data were expressed as means±SD, and statistical significance between the 2 experimental groups was evaluated based on Student's t-test. To calculate relative expressions of proinflammatory cytokines, amounts of transcripts and cytokines in mock-treated rats (controls) was set at 100%. Significant differences between control rats and phage-treated rats were determined based on the p value obtained using a 2-sample t test. qRT-PCR and ELISA data shown here are mean values of 3 independent experiments. Statistical significance was defined as p<0.05. 
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Significant differences from control group (p<0.05). Data are reported as relative organ weight (%)=organ weight/body weight×100. Fig. 1 . Effects of orally administered bacteriophages on pro-inflammatory cytokine mRNA expression in the liver, spleen, and kidney of rats. Control values were set to 100%. *Significant differences from control group rats (p=0.0387).
Results and Discussion
Body weight, food consumption, and organ weights For confirmation of the safety of bacteriophage intake, body weight and food consumption of experimental rats were observed for 4 weeks with oral administration of an 8 log PFU phage cocktail every day. For both groups, no significant (p>0.05) changes in body weight after consumption of a bacteriophage cocktail, compared with controls were observed. Before oral administration of bacteriophages, body weights of rats were 152.87±3.26 g (males) and 132.31±6.63 g (females) for control group rats, and 152.38±4.42 g (males) and 132.24±5.35 g (females) for phage treatment group rats. There was no significant difference between body weight for the 2 groups. After 4 weeks, body weights were 286.22±26.58 g (males) and 196.21± 17.39 g (females) for control group rats, and 291.36±6.45 g (males) and 203.67±9.94 g (females) for phage treatment group rats. Thus, similar increases in body weight were observed in rats of the 2 groups. During the experimental period, daily food consumption was 17.68±3.18 g for control group rats and 18.38±2.94 g for phage treatment group rats. Food consumption, body weight gain, and feeding efficiency were not significantly different between control and phage treatment group rats (Table 1 and 2) . Plaque assays were performed to determine the presence of bacteriophages in the body. Phages were not detected in sera collected before autopsy (data not shown). There were no significant differences in organ weights between the 2 groups, except for the livers of males and the left ovaries of females (Table 3) , which both exhibited significant (p<0.05) differences between control and treatment group rats.
In a study designed to determine the safety of oral T4 phages in mice, Denou et al. (29) reported that no adverse events were observed and mice showed normal weight gain and normal behavior. At the end of the experimental period, no phages were detected in the blood, liver, or spleen, as determined using plaque assays. Oral application of T4-like phages to conventional mice, germ-free mice, and axenic mice mono-colonized with 3 different E. coli strains did not induce adverse effects (10, 11) . There are no reports known regarding safety for rats fed bacteriophages, and also little, if any, difference in organs reported in previous mouse studies.
Pro-inflammatory cytokine mRNA mRNA expression of COX-2, IL-6, and TNF-α pro-inflammatory cytokines in the liver, kidney, and spleen was measured using qRT-PCR (Fig. 1) . Expression of COX-2 mRNA was significantly (p=0.0387) increased by 2.4x and significantly (p<0.05) increased in the spleen of phage treatment group rats, compared with control rats, but there was no significant difference in the liver (p=0.5769) and kidneys (p=0.6317) of phage treatment rats compared with control rats. IL-6 mRNA showed no significant difference between the 2 groups in the liver (p=0.1803), spleen (p=0.1548), and kidneys (p=0.2160). TNF-α mRNA was not significantly different between the 2 groups in the liver (p=0.0916), spleen (p=0.8512), and kidneys (p=0.7527). COX-2 mRNA expression in experimental group rats treated with the bacteriophage cocktail was significantly (p<0.05) increased in the spleen, but the bacteriophage had no significant effect on mRNA expression of other proinflammatory cytokines in the liver, spleen, and kidneys of phage treatment rats vs. control rats.
The dendritric cell population in the spleen is 10x higher than in the liver, so COX-2 mRNA might be expressed in higher amounts in the spleen than in the liver (30) . COX-2 might also in a negative feedback so that the prostaglandin E2 produced actively by COX-2 can activate production of IL-2, which would decrease IL-6 and TNF-α production (31) .
Levels of the inflammatory cytokines IL-6 and TNF-α are considered to be useful markers of infection severity (12) . Takemura-Uchiyama et al. (32) reported that the IL-6 level was significantly lower in a phage-administered group than in a control group, and the TNF-α level in the phage-treated group appeared to be lower than that in the control group, but there were no significant differences in this study. Changes in 12 inflammatory cytokines in sera Twelve different cytokines were measured in the sera of rats treated with the bacteriophage cocktail for 4 weeks (Fig. 2) . Although there was only a slight increase in all cytokines compared to the control group, there were no significant differences. IL-4 showed a slightly larger increase over the control group as compared to the other cytokines, but this difference was still not significant. Similarly, Park et al. (23) reported that bacteriophage-fed mice displayed a minimal inflammatory response.
Histopathological analysis No abnormalities were found using the unaided eye in any rat organs. Histopathological examination results for rats fed bacteriophages for 4 weeks are shown in Fig. 3 . No notable changes were observed in the liver, kidney, and spleen, in agreement with Denou et al. (29) , who reported no macroscopic evidence of inflammation of the gastrointestinal tract of phage-fed mice. Mortality and morbidity were not observed during this study.
In conclusion, no changes in food consumption, feeding efficiency, body weights, or organ weights of rats treated with a phage cocktail were observed. Notable changes were not observed upon histopathological examination of the liver, kidney, and spleen. Proinflammatory cytokine mRNA expression without COX-2 and levels of 12 pro-inflammatory cytokines in the serum remained unaffected after treatment with the phage cocktail. Therefore, immunological safety of bacteriophages in rats is indicated.
